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To understand how the inner ear-generated sound, i.e., otoacoustic emission, exits the cochlea, we created a 
sound source electrically in the second turn and measured basilar membrane vibrations at two longitudinal 
locations in the first turn in living gerbil cochleae using a laser interferometer. For a given longitudinal 
location, electrically evoked basilar membrane vibrations showed the same tuning and phase lag as those 
induced by sounds. For a given frequency, the phase measured at a basal location led that at a more apical 
location, indicating that either an electrical or an acoustical stimulus evoked a forward travelling wave. 
Under postmortem conditions, the electrically evoked emissions showed no significant change while the 
basilar membrane vibration nearly disappeared. The current data indicate that basilar membrane vibration 
was not involved in the backward propagation of otoacoustic emissions and that sounds exit the cochlea 
probably through alternative media, such as cochlear fluids. 

When environmental sounds enter the ear canal, the air pressure oscillation causes the flexible ear drum 
to vibrate. This vibration reaches the fluid-filled auditory sensory organ, the cochlea, through the 
middle- ear bony chain. The stapes vibration at the oval window results in a pressure change in the 
cochlear fluid. Pressure difference across the cochlear partition causes the spiral basilar membrane (BM) to 
vibrate. It is commonly believed that this vibration starts at the cochlear base and travels towards the apex 1-6 . 
As the wave travels, the outer hair cell-based cochlear amplifier generates energy and boosts wave amplitude 7 " 16 , 
resulting in a sharp peak at the best frequency (BF) location (Fig. 1). When enhancing cochlear sensitivity, hair 
cell-generated energy can also exit the cochlea and results in sound pressure change in the ear canal, known as 
otoacoustic emissions (OAEs) 17 . Since their discovery, OAEs have been increasingly used for diagnosing auditory 
disorders and for studying cochlear physiology. Despite more than three decades of intensive study, the backward 
propagation mechanism of OAEs remains to be demonstrated. 

There are two different theories about OAE reverse propagation. According to the backward BM travelling 
wave theory, OAE travels along the cochlear partition as a travelling wave in the backward direction 17 " 21 . In the 
compression wave theory, OAE exits the cochlea dominantly through the fluid as a compression wave 22 " 26 . The 
backward-travelling wave theory is supported by indirect measurements, primarily the delay between the stimuli 
and the emission in the ear canal. It is commonly believed that the cochlear backward delay is the same as the 
forward delay, i.e., that the emission delay is twice the forward delay 20 ' 27 " 30 . To detect the expected backward 
travelling wave, Ren used a scanning heterodyne laser interferometer to measure BM vibration along the cochlear 
partition 23 . The results, however, showed that the phase of the BM vibration at the emission frequency progres- 
sively decreased with distance from the cochlear base, indicating a forward travelling wave. The delay of the OAE 
at the stapes was smaller than that at the BM. To confirm this observation, BM vibrations at the emission 
frequency were measured at two longitudinal locations at sound levels as low as 40 dB SPL (0 dB SPL = 
20 uPa) 31,32 . It was found that the phase of the OAE at a more basal location leads that at a more apical location, 
confirming a forward travelling wave. These results are consistent with the experiment independently conducted 
by de Boer et al 33 . 

Recent modeling simulations 34 " 36 raised the possibility that the emission forward travelling waves observed by 
Ren 23 were measured at locations apical to the generation place. According to the backward travelling wave 
theory, a backward travelling wave is required for the reverse propagation of OAEs. The aim of the current 
experiment was to test this theory by measuring electrically evoked BM vibrations at two longitudinal locations 
basal to the generation site and by observing postmortem changes in the electrically evoked emission (EEOAE) 
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Figure 1 | Diagram illustrating experiment, (a) An electrical current was delivered through a bipolar electrode to stimulate the cochlear partition in the 
second turn, and electrically evoked BM vibrations were measured at locations A and B in the first turn and the emission in the ear canal respectively. 
Acoustically evoked BM vibrations were also measured at BM locations A and B. (b) If the emission exits the cochlea as a backward travelling wave, the 
phase of the BM vibration at location A should lead the BM phase at location B. BM: basilar membrane; EEOAE: electrically evoked otoacoutic emission; 
x st-mic : delay from stapes to microphone; x sp . st : delay from speaker to stapes; x forward : forward delay; ibackward : backward delay; OW: the oval window; RW: 
the round window. 



and BM vibrations 37 " 40 . The current results show that the delay of the 
electrically evoked BM vibration at a more basal location was smaller 
than that at a more apical location, and either was greater than that of 
the stapes vibration. Under the postmortem condition, the electric- 
ally evoked BM vibration almost disappeared while the EEOAE 
showed no significant change. These results indicate that the BM 
vibration was not involved in the backward propagation of the 
EEOAE, which supports the compression wave theory. 

Results 

All animals tolerated anesthesia well and survived from surgeries in 
this study. Due to the invasive experimental procedures and the 
vulnerability of high-frequency hearing, the productivity for sens- 
itive and complete data is relatively low. Reflective beads were 
required for measuring electrically evoked BM vibrations with small 
magnitude. The measured BM locations were determined by the 
landing points of the beads through the perilymph. The bead posi- 
tions and the distance between the two measured locations varied 
across the animals. This prevented us from obtaining averaged data 
from different animals. The results reported below are typical exam- 
ples from 4 among 10 animals with sensitive cochleae. 

The similarity between the electrically and acoustically evoked BM 
vibrations is shown in Figure 2. The magnitude and phase of the BM 
vibrations were measured as a function of frequency from two longit- 
udinal locations with ~350-|im separation at different sound and 
current levels in a sensitive cochlea. Data in Figure 2 a-c were collected 
from the more apical location and those in Figure 2 d-f from the more 
basal location. For either low level tone- or electrical current- evoked 
responses at a given stimulus level, the BM vibration magnitude 



increased with frequency and reached its maximum at the 12.4 kHz 
for the apical location (Figure 2a) and 15.0 kHz for the basal location 
(Figure 2d). The peak magnitudes of the electrically evoked vibrations 
at 10, 33, and 100 |iA are comparable to those of acoustically evoked 
responses at 20, 30, and 40 dB SPL. The pattern of the magnitude- 
frequency curves for tones is similar to that evoked by currents. The 
slight difference between acoustically and electrically evoked responses 
was likely caused by the middle ear transfer function. Across frequen- 
cies the magnitude increased linearly with stimulus levels for both 
currents and low-level tones. This is consistent with a common obser- 
vation that BM vibrations at low sound levels are approximately 
linear 41 " 46 . BM responses at 80 and 90 dB SPL show that the response 
peak broadened and shifted toward low frequencies. These features, 
together with the compressive nonlinear growth near the peak, show 
the healthy status of this preparation. The phase of the acoustically 
and electrically evoked BM responses is plotted as a function of fre- 
quency in Figure 2 b and e. For either tone or current stimulation, the 
phase progressively decreased with frequency. Since the phase for 
acoustically evoked responses includes the delay for sound to travel 
from the speaker to the stapes (Figure la), it shows more phase lag 
than that of electrically evoked responses. After the delay from the 
speaker to the stapes is removed by subtracting stapes phase from the 
BM phase, the phase-frequency curves of low-level tone-evoked BM 
vibration is similar to those of electrically evoked responses (Figure 2 c 
and f). The phase at 80 and 90 dB SPL led that at low sound levels at 
frequencies above the BFs, indicating the wave traveled faster at high 
sound levels. Thus, the data in Figure 2 indicate that, for a given 
longitudinal location, the electrically evoked BM vibrations are similar 
to those evoked by acoustic tones in sensitive cochleae. 
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Figure 2 | Similarity between electrically and acoustically evoked BM 
vibrations, (a and d) For either acoustically or electrically evoked 
responses at a given stimulus level, the BM vibration magnitude increased 
with frequency and reached its maximum at 12.4 kHz at location A (panel 
a) and 15 kHz at location B (panel d). The pattern of the magnitude- 
frequency curves for low-level tones (blue lines) is similar to those evoked 
by currents (red lines). BM responses at 80 and 90 dB SPL showed the 
shifted broad peak and compressive growth, (b and e) Phase progressively 
decreased with frequency, (c and f) Phase lag of acoustically evoked BM 
vibrations referred to the stapes was similar to that of electrically evoked 
responses. 

To compare BM responses at an apical location to those at a more 
basal location, the data from the two locations are plotted together on 
the same axes in Figure 3. The BM responses induced by acoustic 
tones are presented in Figure 3 a-c and those evoked by electrical 
currents are in Figure 3 d-f. For either electrical or acoustical stimu- 
lation, the data measured at the more apical location (location A) 
is indicated by blue lines and those at the more basal location 
(location B) by red lines. For both stimulations, the BF of the more 
basal location is significantly higher than that of the apical location. 
Figure 3 b and e show that phases measured at both locations 
decreased with frequency at accelerated rates, and the apical location 
phase decreased faster than those measured at the more basal loca- 
tion. The phase difference between the two locations obtained 
by subtracting the basal phase from the apical phase is presented 
in Figure 3 c and f (green lines). Negative phase values indicate 
that waves traveled in the forward direction. Phase decrease with 
frequency at an accelerated rate shows the dispersion of the BM 
vibration. The similarity between Figure 3 c and f indicates that 
the delay, velocity, and wavelength of the electrically evoked forward 
travelling wave over the two locations are similar to those for acoustic 
stimulation 32 ' 47 . Phase difference is slightly greater than zero at the 
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Figure 3 | Comparison of BM vibrations at an apical location with those 
at a more basal location, (a and d) For either acoustic or electrical 
stimulation, the peak frequency of the BM vibration at location B is 
significantly higher than that at location A. (b and e) Phase at location A 
decreased faster than that at location B. (c and f) The phase difference 
between the two locations for acoustic stimulation (panel c) is similar to 
that for electrical stimulation (panel f). 



low frequencies below 5 kHz in Figure 3f. This may be considered an 
indicator of a backward travelling wave. However, the noisy mag- 
nitude response at this frequency range in Figure 3d suggests a lim- 
ited reliability of these phase values. The small magnitude also 
indicates that the backward travelling wave, even if it exists, cannot 
play a dominant role in the reverse propagation of the EEOAE. 

To further confirm the wave direction, the cross-correlation coef- 
ficient of the electrically induced BM vibrations at the two locations 
was calculated and is shown in Figure 4. The frequency used in 
Figure 4 a and b is 10 kHz, which is significantly lower than the 
BFs (> 12 kHz) of the two measured locations. Figure 4 a and b show 
that the basal location vibrated ~38-|is earlier than the apical loca- 
tion. The delays at other frequencies were calculated and are shown 
in Figure 4 c, indicating that the delay increased with frequency. Data 
in Figures 2-4, therefore, show that, as does an external tone, the 
electrical stimulation of the cochlear partition of the second turn 
resulted in a forward travelling wave in the first turn. 

Different effects of the postmortem change on electrically evoked 
BM vibrations and EEOAEs are illustrated in Figure 5. The mag- 
nitude and phase of the EEOAEs are plotted as a function of fre- 
quency in Figure 5 a and b. The BM vibrations measured at the more 
apical location are presented in Figure 5 c and d, and those at the 
more basal location in Figure 5 e and f. The measurements were taken 
at current levels of 10, 33, and 100 [iA. Data collected under sensitive 
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Figure 4 | Cross-correlation coefficient of the electrically induced BM 
vibrations at two locations, (a) Waveforms of electrically evoked BM 
vibration at locations A (red) and B (blue) at 10 kHz. (b) The maximum 
cross-correlation coefficient indicates that location B vibrated — 38-us 
earlier than location A. (c) The delay from location B to A increased with 
frequency. Data were collected at 100-uA current level. 

conditions are indicated by solid lines and postmortem data are in 
dotted lines. Figure 5a shows that the magnitude of EEOAEs 
increased linearly with the current level, indicated by ~10-dB sepa- 
ration between the curves. The pattern of the magnitude-frequency 
curves in Figure 5a shows a broad frequency response with peaks and 
notches. The EEOAE phase decreased with frequency at an approxi- 
mately constant rate at all levels in the frequency range ~ 4 to 16 kHz, 
which indicates a group delay of —143 |is. This delay consists of 
delays from the EEOAE generation site to the stapes and from the 
stapes to the microphone (Figure la). The reverse delay of —50 |is 
was obtained by subtracting the stapes -microphone delay from the 
EEOAE delay. Figure 5 d and f show that it took —438 jas for ear- 
generated sound to reach the more basal location and —502 jas to 
arrive at the more apical location. In contrast to the EEOAEs, the 
magnitude-frequency functions of BM vibrations measured at both 
locations under the sensitive condition show sharp peaks at the BFs. 
Under the postmortem condition, EEOAE showed no significant 
change, while the BM vibration completely disappeared near the 
BFs. Thus, the data in Figure 5 indicate that the BM vibration is 
not required for backward transmission of the EEOAE, and that 
the EEOAE arrives at the stapes earlier than at a BM location. 

Discussion 

To demonstrate backward travelling wave, the BM vibrations have to 
be measured at more than one longitudinal locations basal to the 
emission generation site. In our previous experiments, the BM vibra- 
tions were measured at distortion product (DP) frequency 2fl-f2 
when primary tones fl and f2 (f2 > fl) were presented. Because of 
the small longitudinal extent of the fl and f2 travelling waves 48 ' 49 and 
the cochlear frequency-location map 50 , the DP can be detected only 
from longitudinal locations basal to the f2 place with a limited spatial 
separation. In the current experiment, the expected backward trav- 
elling wave was measured at BM locations far from the emission 
generation site. This was achieved by electrically stimulating a small 
region of the cochlear partition at the second turn when the BM 
vibration was measured in the first turn. 
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Figure 5 | Electrically evoked BM vibrations and EEOAEs measured 
under sensitive (solid lines) and insensitive (dotted lines) conditions. 

(a) Magnitude-frequency curves of EEOAEs show a broad frequency 
response and linear growth, (b) The EEOAE phase decreased with 
frequency at an approximately constant rate at the frequency range from 
—4 to 16 kHz, which indicates a group delay of ~ 143 (as. The reverse delay 
of —50 us was obtained by subtracting the stapes-microphone delay from 
the EEOAE delay, (c-f) The magnitude and phase of electrically evoked BM 
vibrations at locations A (panels c and d) and B (panels e and f). Phase data 
in panels d and f show a delay of —438 us at location B and —502 us at 
location A. Under the postmortem condition, EEOAE showed no 
significant change, while the BM vibration disappeared near the BFs. 
Postmortem BM phase was random and is not shown. 

When a sinusoidal electrical current passes through the cochlear 
partition, an electrical field is created in the tissues. The electrical 
gradient results in a transmembrane potential change in the sensory 
outer hair cells. These cells consequently change their length through 
somatic motility 11 and generate energy through hair-bundle mot- 
ility 51 ' 52 . Those cellular forces deform the organ of Corti and result 
in the vibration of the cochlear partition 40,53,54 . The electrically evoked 
vibration can propagate from its generation site near the electrode 
toward the apex as does an external sound 55 . The vibration can also 
propagate toward the cochlea base and result in stapes vibration. The 
middle ear transforms the stapes vibration into sound pressure 
change in the external ear canal, i.e., the EEOAE 37 . 

Since the EEOAE can provide information about the outer hair cell 
motilities and can be generated locally, it has been used for studying 
the cochlear amplifier and wave propagation inside the cochlea 54,56 . 
As for acoustically evoked OAEs, the backward propagation mech- 
anism of EEOAEs is not clear. 

To test the hypothesis that the EEOAE exits the cochlea through 
the backward travelling wave, it is critical to ensure that the electrical 
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current is delivered to a small region in the second turn. A bipolar 
electrode and an optically isolated current stimulator were used to 
restrict currents in this study. In contrast to the glass scala media 
electrode, flexible bipolar electrodes allowed adjustment of the ani- 
mal head position for the BM vibration measurement without dis- 
turbing the electrodes. Since the tips of the electrode were on the 
lateral walls of the scala media and the scala tympani through two 
bony holes, and electrical conductance of the cochlear fluids is rela- 
tively high, the current should have passed through the cochlear fluid 
and stimulated the outer hair cells. This was confirmed by the fact 
that the current injection through the bipolar electrode resulted in 
the EEOAE and BM vibration. The use of an optically isolated con- 
stant current source ensured that the current flowed only through 
tissues near the electrode tips without spreading to the cochlea base. 
To determine whether the bipolar electrode had spatial selectivity 
similar to that of the scala- media glass electrode, the acoustically 
evoked cochlear microphonic potential was measured using the 
two different electrodes at the same longitudinal location in three 
animals. The same magnitude responses and the identical phase 
patterns in Figure 6 indicate that the two electrodes had a similar 
spatial selectivity. The dominating low-frequency CM response 
below 4 kHz indicates that the electrical current delivered through 
the bipolar electrode did not spread to the high frequency region in 
the first turn. Since the motility of outer hair cells is as fast as the 
upper limit of the audible frequency 57 , and since the electrical current 
is not subject to the filter as is an acoustic stimulus , the electrically 
evoked vibration served as a local broadband mechanical stimulus 
near the electrode. 

The main findings of the present experiment include that electric- 
ally evoked BM vibrations measured at two longitudinal locations are 
similar to those induced by acoustic tones (Figure 2). As acoustically 
evoked BM vibrations, at a given frequency, the phase of the elec- 
trically evoked BM vibration at a more basal location led to phase 
measured at a more apical location (Figure 3). Similarly, the electric- 
ally evoked stapes vibration occurred earlier than the BM vibration 
(Figure 5). EEOAEs showed a broad frequency response (Figure 5a) 
while electrically evoked BM vibrations were sharply tuned (Figure 5 
c and e). Like low-level tone-induced BM vibrations, electrically 
evoked BM vibrations decreased dramatically or disappeared in 
insensitive cochleae while the EEOAE showed no significant change 
(Figure 5). Thus, this experiment did not detect the widely expected 
backward travelling wave at basal locations far from the emission 
generation site. Since the data showed the electrically evoked forward 
travelling wave, spectral difference between the EEOAE and BM 
vibration, and the existence of the EEOAE under the postmortem 
condition, the BM vibration likely was not responsible for the back- 
ward propagation of the EEOAE. 
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Figure 6 | Acoustically evoked cochlear microphonic potentials at 20, 30 
and 40 dB SPL. (a) The magnitude responses recorded through the scala 
media microelectrode (red lines) are similar to those recorded using the 
bipolar electrode (blue lines), (b) Phase curves recorded using the 
microelectrodes overlap with those recorded using the bipolar electrode. 
CM: cochlear microphonic potential. 



These results are consistent with previous findings that the elec- 
trical stimulation of the cochlear partition evoked OAEs 37 and 
acoustic-like BM vibration 40 ' 53 . The electrically evoked forward trav- 
elling wave was also shown by the suppression tuning curve of the 
electrically evoked compound action potential 58 , and by canceling 
the electrically evoked distortion product OAEs 55 . What is new in the 
present experiment is the demonstration of the electrically evoked 
forward travelling wave at longitudinal locations basal to the emis- 
sion generation site and the difference of the postmortem change on 
the EEOAE and the electrically evoked BM vibration. The main 
advantages of this study include that the BM vibrations were mea- 
sured at basal locations far from the generation site and that the 
relationship between the BM vibration and EEOAE can be observed 
under sensitive and insensitive conditions. These were achieved by 
taking advantage of the fact that the generation site of EEOAEs does 
not move with frequency 59 and that EEOAEs exist in the passive 
cochleae 39 . Although the phase transfer function of the BM vibration 
commonly measured at a single longitudinal location can quantify 
the delay of the wave, it provides no information on the wave 
direction 13 . In the present experiment, the wave direction was unam- 
biguously shown by the phase difference between the two longit- 
udinal locations. 

While the current result is not consistent with the backward trav- 
elling wave theory, it suggests that a fast mechanism is responsible for 
the backward propagation of the emission. It is possible that the 
electrically evoked local vibration can travel through the cochlear 
partition, fluid, or other tissues. The transmission efficiency through 
these media should be determined by the physical property of the 
tissues and the anatomy of the cochlea. In mammalian cochleae, 
there is no direct connection between the cochlear partition and 
the stapes. For acoustical stimulation, the stapes vibration is con- 
verted into the BM vibration through the cochlear fluid. Even if an 
electrically evoked vibration could reach the basal part of the BM, it 
should pass through the fluid to vibrate the stapes. Therefore, the 
fluid pressure wave is required for the emission to exit the cochlea. 
The remaining question is what is the extent of the fluid compression 
wave along the cochlear length. It was found that a low-level 16-kHz 
tone-induced forward travelling wave distributed over only a 
600- um region along the cochlear partition in gerbil 48 . A similar 
result was reported recently by Fisher et. al in chinchilla 60 . If the 
backward travelling wave has a longitudinal pattern identical to that 
of a forward travelling wave but in the reverse direction, the fluid 
compression wave should be responsible for the emission backward 
transmission at least from the basal end of the travelling wave 
(—300 um from the BF place) to the stapes. When a current passed 
through the organ of Corti near the electrode in the second turn, the 
outer hair cells in the electrical field generated forces through somatic 
and/or hair-bundle motility. These forces resulted in a pressure wave 
in the fluid, which consequently induced the stapes vibration and a 
forward travelling wave. Due to the speed difference between the 
fluid compression wave and the travelling wave, the stapes vibrated 
earlier than the BM. The normal BM travelling wave relies on func- 
tional mechanoelectrical transduction and electromechanical trans- 
duction of outer hair cells 1315 . Upon death, the endocochlear 
potential decreased, which disabled mechanoelectrical transduction 
and the cochlear amplifier 61 . The lack of cochlear amplification 
caused the BM response to low-level tone to decrease. However, as 
in isolated outer hair cells, electromechanical transduction, i.e., elec- 
tromotility 11 , remained functional in the passive cochlea 39 , which was 
driven by injected current to generate EEOAEs. Therefore, the elec- 
trically evoked BM vibrations decreased dramatically under the post- 
mortem condition while the emission showed no significant change. 

Using theoretical and experimental approaches, Reichenbach et al. 
recently showed that mechanical energy can be transmitted by wave 
along Reissner's membrane and its role in backward transmission of 
otoacoustic emissions 62 . The Reissner's membrane may play a similar 
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role in the backward propagation of the electrically evoked emission. 
The phase lag of Reissner's membrane wave, however, appears 
inconsistent with the fast backward propagation of the electrically 
evoked emissions. 

In summary, this experiment shows that the electrical stimulation 
of the cochlear partition in the second turn evokes broad-band emis- 
sion and sharply tuned forward travelling wave in the first turn. 
Electrically evoked stapes vibration occurs before the BM vibrates. 
As in sound-induced responses, electrically evoked BM vibration 
disappears under the postmortem condition while the emission 
remains. These results indicate that BM vibration is not involved 
in the backward propagation of electrically evoked emissions. 

Methods 

Twenty- seven young healthy Mongolian gerbils of 50 to 80 grams were used in this 
study. The care and use of the animals were approved by the Oregon Health and 
Science University Institutional Animal Care and Use Committee. The surgical 
procedures and laser interferometry were described in previous studies 48,63 . Ketamine 
(80 mg/kg) and xylazine (10 mg/kg) were injected intraperitoneally for initial 
anesthesia and a half of the initial dose was administered as needed. The animal was 
wrapped in a heating blanket and the rectal temperature was maintained at 38 ± 1 °C. 
A tracheotomy was performed and the animal was kept freely breathing through a 
ventilation tube inserted in the opened trachea. 

After the animal's head was firmly attached to a custom-made head holder, the left 
auditory bulla was exposed and opened through a ventro-lateral approach. The 
stapedius muscle was sectioned to eliminate the acoustic reflex. The round window 
membrane was removed with a tiny hook made of a tungsten micro electrode. A few 
20- urn diameter gold-coated glass beads were positioned onto the BM at a radial 
location 60-90 um from the osseous spiral lamina. The opened round window was 
partially covered with a piece of glass cover slip to avoid optical distortion at the air- 
water interface and to maintain low acoustic impedance of the window. Stapes 
vibration was measured from the anterior cms. The object beam from a heterodyne 
laser interferometer was focused on a reflective bead through an infinitely corrected 
long working distance objective lens (Mitutoyo M Plan Apoxzo, 20 X, NA 0.42; 
Mitutoyo, Japan) . The light reflected from the vibrating bead was sent back to the laser 
interferometer. The Doppler frequency shift was detected by a frequency demodu- 
lator and converted into the voltage output. Magnitude and phase of the BM vibration 
were measured using a custom-built data acquisition system. The propagation delay 
from the more basal to more apical location was determined by the maximal cross- 
correlation coefficient of the electrically induced responses at the two locations. The 
cross-correlation coefficient was calculated using the Correlate operation of a signal 
analysis program (Igor Pro 6.2.2.2, Lake Oswego, OR). A computer- controlled three- 
dimensional positioning system was used for focusing the laser beam and for mea- 
suring the distance between the beads 48,49 . 

EEOAEs were evoked by electrical stimulation of the cochlear partition in the 
second turn. To restrict the current spread, a bipolar electrode was used to deliver 
electrical currents. The electrode was made of two pieces of 2T (—50 um in diameter) 
Teflon-insulated platinum-iridium wire. About 0.05-mm isolation layer was removed 
from the electrode tips to maintain impedance below 500 kQ at all stimulus fre- 
quencies. Two ~50-um holes were made using a micro drill in the bony lateral walls 
of the scalae media and tympani at a single longitudinal location. Great care was taken 
to avoid damaging the spiral ligament and stria vascularis. The surface of the cochlea 
was kept dry to minimize the current bypass between the two wires. After the elec- 
trodes were fixed to the bony edge of the opened bulla with dental cement, the 
animal's head was adjusted for BM vibration measurement. The current level was 
monitored by the voltage across a 1-kQ resistance connected in serial in the output 
circuit of the constant current stimulator. The locations of the BM vibration mea- 
surement and the electrical stimulation are illustrated in Figure 1. When the scala 
media glass microelectrode was used for microphonic potential measurement, a Ag/ 
AgCl ground electrode was placed in the neck soft tissues. 

An electrostatic speaker (EC1, Tucker-Davis Technologies, Alachua, FL) was used 
to generate acoustic stimuli. The sound delivering tube from the speaker was con- 
nected to the stainless- steel port at the back of an Etymotic 10B+ microphone (Elk 
Grove Village, IL), which was coupled to the ear canal through a speculum. The sound 
system was calibrated using a 1/8-inch B&K microphone. To minimize electrical 
crosstalk, the Etymotic microphone was electrically shielded and grounded. Tucker- 
Davis Technologies System 2 was used for signal generation and data acquisition. The 
stimulus level was controlled by a computer via a programmable attenuator. Stimulus 
frequencies were varied from 500 Hz to 25 kHz in 500-Hz steps. Data were collected 
at sound levels from 10 to 90 dB SPL (0 dB SPL = 20 uPa) in 10-dB steps. The 
sinusoidal constant current was delivered by an optically isolated current source, with 
sensitivity of 100 uA/volt. Currents at 10, 33 and 100 uA rms were used for the 
EEOAE and BM vibration measurements. 

In preliminary experiments, auditory compound action potential (CAP) was 
measured to monitor the cochlear condition. To ensure sensitive data, the mea- 
surements were completed in less than 4 hours without recording the CAP in most 
experiments. In those animals, cochlear sensitivity was evaluated by compressive 
nonlinearity of the BM vibration 64 . The data reported here were selected from 10 
animals showing >30-dB compression over sound levels from 20 to 90 dB SPL. 
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